Silicon based devices have dominated mainstream computing for the last four decades. Achieving sustainable scaling of physical dimensions and device performance (Moore, 1965) has been key to their success. However, due to limitations in fundamental physics, materials, and manufacturing limits, this scaling trend has slowed down. Examples of major bottlenecks for continual scaling include short channel effects, high leakage currents (Wann et al., October 1996) , excessive process variations (Bowman et al., 2002) and reliability issues (Chen et al., February 1985) . These pitfalls are posing dramatic challenges to fabrication of circuits with scaled silicon devices. As we approach these fundamental limits in planar CMOS process, it becomes imperative to search for alternative materials, structures, devices as well as design paradigm to replace silicon transistor as the building block of future nanoelectronics. Novel structures like FinFETs (Hisamoto et al., 2000) and Trigate devices (Doyle et al., 2003) , strained channel to enhance carrier mobility (Welser et al., 1994) and high-K/metal gate to reduce gate leakage current (Chau et al., 2004) have been proposed. These innovations have limited potential and will extend the scaling by a generation or two. Amongst more radical search for new devices and materials, carbon nanotube electronics has attracted significant attention owing to their high intrinsic carrier mobility. For the sake of simplicity, carbon nanotubes can be defined as hollow cylinders made up of one (single-walled) or more (multi-walled) concentric layer of carbon atoms arranged in a hexagonal lattice structure, which is similar to a rolled-up sheet of graphene. With diameters of 1-4 nm and the length extending to several micrometers, carbon nanotube is essentially a one dimensional object possessing unique properties attributed to low dimensional structures, such as 1-D density of state for carriers (McEuen et al., 2002) . This enables reduced phase space for scattering and near ballistic transport of carriers when the device dimension is less than the mean-free path for scattering. Depending on the direction in which the graphene sheet is rolled up, single-walled carbon nanotubes is either metallic or semiconducting. Hence CNT transistor and interconnect can be made out of semiconducting and metallic nanotubes, respectively. Functional field effect transistors with semiconducting carbon nanotube channel Zhang et al., 2006) and metallic nanotubes as interconnects (Close & Wong, 2007) have been demonstrated. Theoretically, it is possible to get current densities much higher than that of silicon devices with a similar dimension using multiple CNTs in parallel. To speed up the evolution of this novel alternative technology, parallel efforts in circuit design are essential. For this purpose, the development of compact model is a vitally important Fig. 1 . Cross-section of a generic SW-CNT structure with top gated region as the intrinsic transistor of length L g and highly doped undated access region of length L a as the extrinsic part step that enables circuit simulation and exploration. Early work on carbon nanotube transistor modeling assumed doped source-drain junctions resulting in optimistic performance projections (Guo et al., 2002) . The CNT-FET model developed in (Castro et al., 2002) accurately calculated the degradation of current due to presence of Schottky barriers at the contacts. However, it requires self-consistent numerical iterations to calculate the final current and tunneling probability. Currently most of the models developed for carbon nanotube transistors and interconnects employ some kind of numerical approach (Guo et al., 2004; Wong et al., Nov. 2006 ) to obtain the I-V and C-V characteristics. Though highly physical and accurate, such numerical approaches reduce the computation efficiency and are not suitable for large-scale circuit simulations. Some other modeling approaches include threshold voltage based models (Raychowdhury et al., 2004) and models that resort to SPICE simulator to solve iterative differential equations and compute the surface potential (Deng & Wong, 2007a) . In this chapter, we discuss the development of an integrated compact model for carbon nanotube transistors and interconnects that is non-iterative and SPICE compatible. Initial models concentrated on modeling only the ballistic transport model of the transistor channel. However, the effect of the Schottky barrier at the metal source-drain contacts cannot be decoupled from the channel region. The developed model accounts for the presence of these barriers accurately. The implemented model has been systematically verified with TCAD simulations and measured data. Using this model, we benchmark digital and analog performance metrics and compare them with 22nm CMOS process to explore design potentials with CNTs.
Model Development
The cross-sectional view of a typical carbon nanotube transistor is shown in Fig. 1 . The basic structure is similar to a conventional FET with the channel replaced by a semiconducting carbon nanotube. The similarity to the structure of CMOS device improves the compatibility with today's process and design infrastructure. In the ideal case for ballistic transport, the source and drain electrodes would behave as reservoirs that supply and sink mobile carriers without any reflection at the source and drain. This is true only when there are ideal source and drain contacts, i.e., no significant energy barrier between the channel and the contact. There has been extensive work on finding the appropriate contact material for the CNT-FET but they all have a finite energy gap when contacting the carbon nanotube forming a Schottky barrier. The device performance is primarily limited by the Schottky contact, depending on the properties of the contact material Fig. 2 . Flowchart describing the model development and the nanotube. The energy gap is sensitive to the work function of the contact, the diameter of the nanotube, as well as the chirality. In this section, we will first discuss the intrinsic channel and relate the physical parameters to the electrical equivalents by the Zone-folding approximation. Using linear approximations, we derive an expression for surface potential. Then the impact of the Schottky barrier on the drain current is studied and integrated into the model. Based on similar modeling principles of the channel and the contact, a compact model of CNT interconnect and CNT-FET are developed. Fig. 2 shows a flowchart describing the CNT-FET compact model. Details of the physical mechanisms and model derivations of the CNT interconnect model are discussed in the next section.
Zone-folding approximation
We begin with characterizing the structure of single-walled carbon nanotubes (SWCNT) and defining its basic electronic properties such as band-gap, density of states etc. A SWCNT device is essentially a one-dimensional nanowire formed by rolling a two-dimensional graphene sheet. The 2s, 2p x and 2p y orbitals form σ bonds in graphene. Since the σ bonds are weakly coupled to the 2p z orbitals, they form π bonds, which give rise to the electronics properties of graphene. The E-k values for graphene can be obtained from the tight-binding model given by (1) ,
To get the bandstructure of carbon nanotubes, we begin with the bandstructure of graphene given in (1), apply periodic boundary conditions along the circumference of the nanotube. The rolling-up of the honeycomb lattice of the graphene sheet along a specific direction, known as (1) and DOS using (2) the chiral vector (shown in Fig. 3 ), causes the quantization of the wave-vector space along its direction. A chiral vector can be denoted by the coordinates (n,m). If (n-m) is a multiple of 3, the carbon nanotube is metallic, else it is semi-conducting. To calculate the current, the electron density of states (DOS) near the Fermi level is required. Classical tight-binding models are used to accurately compute the DOS. At low bias, the DOS D(E) at energy E can be approximated as expressed in (2) (Guo & Lundstrom, 2006) ,
All variables used in the above equations are defined in Table 1 . For a more detailed discussion on the band-structure of carbon nanotubes, zone-folding approximation and complete derivation the interested reader is referred to (Guo & Lundstrom, 2006 ).
Surface-potential based modeling
On applying a gate voltage V G is applied, the surface potential (φ s ) is modulated. The expressions for surface potential and the total charge are as follows :
and n is the number of sub-bands under conduction. The conventional method to compute the φ s (using the conduction-band minima and DOS calculated from Table 1 and (2), respectively) involves numerically solving the 1-D poisson equation and the total charge equation self-consistently. In spite of being accurate, this method is computationally intensive and inappropriate for compact modeling and circuit simulations. Additionally, SPICE solvers may encounter convergence errors when loaded with a task of solving complicated numerical functions. Hence, a linearized equation for φ s has been derived. By eliminating numerical iterations, the simulation speed is considerably improved making the model suitable for large scaling circuit simulation. We derive a closed form linear approximation for surface potential from the fundamental equations of channel charge and bias conditions. From (3) and (4) 
For low bias voltages, the first order approximation (6) is linear. Hence, we may write the equation as
Moving φ s from RHS on to the LHS and re-arranging the terms, we get the non-iterative closed form expression for surface potential as follows
where γ = N 0 /C ins , and
This expression forms the basis of the compact model. All existing models (Castro et al., 2002; Deng & Wong, 2007a; Guo et al., 2004; Raychowdhury et al., 2004; Wong et al., Nov. www.intechopen.com 
Capacitance Model
Surface potential is calculated using (3), a function of Q CNT . However, Q CNT itself is a function of φ s and most other models employ self-consistent iterations to solve for charge and surface potential. As explained in the previous subsection, we approximate the charge in each sub-band to be linear to get a closed form solution for surface potential. With φ s known, the quantum charge Q CNT can be calculated in closed form as well. Fig. 5 shows a plot of quantum charge calculated with respect to varying gate voltage for V DS =0.2 and 0.8V. Rate of change of quantum charge with respect to gate voltage is given by
where the term ∂Q CNT /∂φ s is known as quantum capacitance, C Q . Since the model shows excellent agreement with TCAD simulations is demonstrated for Q CNT vs. V G (Fig. 5) and φ s vs. V G (Fig. 4) , the effect of quantum capacitance is implicit and need not be calculated separately. A capacitance branch model similar to (Deng, 2007) , shown in Fig. 5(b) , is used to calculate the intrinsic voltages that are effective inside the channel. Extrinsic capacitance such as parasitic fringe capacitance, inter-electrode capacitance and coupling capacitance between adjacent gates in multiple gate/multiple nanotube device geometries can dominate over the intrinsic capacitance and impact the performance of a CNT-FET. A provision for including non-ideal extrinsic capacitance has been incorporated in our compact model in the form of parasitic capacitance, C p , which is a fitting parameter. The exact value of C p is device-geometry dependent and can be estimated from the expressions in (Deng & Wong, 2007b; John & Pulfrey, 2006; Paul et al., 2006 ).
Schottky Barrier modeling
The Schottky barrier height φ SB depends on the work function difference and the barrier width depends on the insulator thickness. The total current at the junction is the sum of thermoionic emission and the tunneling current through the barrier. Hence it is important to accurately model carrier conduction in a CNT FET through the Schottky barrier. Transmission coefficients for a single barrier are calculated using the WKB approximation (Nakanishi et al., 2002) as follows
The WKB approximation does not take into account reflection between the source and drain junctions. The conductance of the actual device is lower than calculated (Heinze et al., 2002) . The Fabry-Perot Cavity model is used to include the effect of reflection given as
The WKB approximation (D.Jimenez, Jan 2007) has two exponential terms in the E-k space which does not have a closed form solution. Approximating the barrier profile as a triangle allows us to get a closed form solution and results in negligible loss in accuracy. Extending on the derivation in (D.Jimenez, Jan 2007), we have the following
where E(z)=energy profile of conduction/valence band k n =momentum component of nth sub-band k z =momentum component along direction of electron transport a = 0.142nm, the carbon-carbon bond distance Hence
Using the value of k z in (10),
In order to get an expression for E − E(z), a triangular barrier profile as shown in Fig. 6 is used, which gives us
From (12) and (13), we get a closed form expression for tunneling probability in (14). The limits of the integration are z i = 0 and z f = z f l , where z f l = [−t ins /2]ln(E/φ sb ).
where www.intechopen.com
Compact Modeling of Carbon Nanotube Transistor and Interconnects 225 Fig. 7 . I ds vs. V ds at V gs =0.8V for three different barrier heights. The inset shows the variation in the tunneling probability (numerical vs. triangular approximation) for the different contacts. Fig. 7 demonstrates the excellent agreement between the triangular approximation model and the numerical model for the contact part. The tunneling probability equation given by (14) is solved at the source and drain junctions and (16) is used to compute the final current.
where sgn(E) = 1 or −1 for conduction and valence band respectively and F(µ, E) is as defined in (5). Using the equations and results discussed above, (summarized in Table. 1), a physics based compact model of CNT FET is completed and implemented in VerilogA. It is computationally efficient and supports transient simulations. The I-V characteristics are presented in Fig. www.intechopen.com
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Physical constants Table 1 . Constants and Parameters used in the Model 8(a). These results prove that the model is scalable to different diameters and bias conditions. Since we use the surface potential approach, scattering effects that may further affect the I-V characteristics can be easily incorporated in the future.
Transistor Model Validation and Extraction
The parameters enlisted in Table 2 comprise the SPICE based circuit model for CNT FET. Running simulations by varying each parameter enables us to gain detailed insight on its impact on the design potential of the CNT FET.
Extraction procedure
Our compact model can be used to comprehend measurement data in order to gain processrelated insight such as parasitics, variations etc. This is achieved by properly tuning the model parameters enlisted in Table 2 . A capacitor divider network similar to (Deng, 2007) is assumed in this model, as shown in Fig. 5(b) . C C , the coupling capacitance and β are the two primary fitting paramters from this network. Scattering effects are not directly incorporated in the model. The fitting parameter mob is used to capture the effect of scattering in the nanotube and is multiplied to the final current computed in (16) in the model. mob value is dependent on the length of the nanotube and lies between 0 and 1. Appropriate values for this parameter can be obtained from published results (Deng, 2007) .The main fitting steps are 1. Define instance parameters; calculate physical parasitics (C C is set to a very small value, which is about 1/10 of the insulator capacitance). 6. mob: used to match the saturated drain current.
Model Validation
Using the extraction procedure described in the previous section, the model has been validated with published measurement data (Amlani et al., 2006) as shown in Fig. 8(b) . An interesting feature of the fitting is the exact replication of the gap in the I-V plot, which is due to the multiple band conduction in carbon nanotubes. The I-V characteristics in general have the following trends:
• The off current varies exponentially with diameter and barrier height.
• The on current degrades with barrier height and increases linearly with diameter.
These conclusions have been confirmed in previous models. But the new model helps us run SPICE simulations fast enough to benchmark circuits performance. All the results in the next section are generated using the Verilog-A model that supports DC and transient analysis for a single inverter several times faster than numerical simulations in MATLAB. Dresselhaus & Eklund, 1996) but in reality the ballistic motion is degraded by several scattering mechanisms. The scattering mechanisms has been been discussed in several previous publications (Park et al., 2004; . The resistance is normally modeled by a set of piece-wise linear equations. In this work we present a continuous expression for the resistance of the interconnect and the resistance of the contact making them suitable for SPICE simulators. For the sake of simplicity, the effect of temperature on resistance has not been included in this model. For a detailed discussion on the effect of temperature on resistance of metallic CNTs, the reader is referred to (Pop et al., 2007) . The circuit model for the interconnect is shown in Fig. 9(b) . At high frequencies, the inductance and the capacitance determine the total impedance of the interconnect. The following subsections present the DC and small-signal parameters of the CNT interconnect. Due to the nature of the band structure, in an ideal ballistic motion regime, the resistance is constant as expressed in (17)
Interconnect modeling
However, when the length of the interconnect is much longer that the mean free path (MFP), several scattering mechanisms dominate. At low bias, the predominant mechanism is the acoustic phonon scattering with a MFP of 1µm − 1.6µm Park et al. (2004) . As the bias voltage increases, the electrons can scatter from band to band and also within the same band. This (18),
where
Resistance
Here a piece-wise linear model for resistance ) is modified by including V e f f which ensures that mobility is a continuous function of the bias voltage and length facilitating convergence in circuit simulators . The dependence of length and bias voltage on the resistance of a CNT interconnect is shown in Fig. 10(a) .
Capacitance and Inductance
As shown in Fig. 9 (a) carbon nanotube interconnects are usually formed by arranging arrays of nanotubes aligned next to each other with the terminals at the ends of the two tubes. The coupling capacitance between two adjacent nanotubes C C , and the quantum capacitance within the nanotube C q have considerable effect on its conduction properties. The coupling capacitance has the form
And the quantum capacitance is given by
www.intechopen.com Carbon nanotubes posses two kinds of inductances, the magnetic or mutual inductance and the kinetic or self-inductance. As discussed in detail in , kinetic inductance dominates mutual inductance in a one-dimensional structure like carbon nanotubes and hence we only consider kinetic inductance in the model. This is given by
Carbon nanotubes have two modes of propagation, with two electrons in each mode (spin up and spin down). This results in a total of four modes of propagation giving one-fourth of the total inductance calculated in (21) and four times the quantum capacitance given in (20).
Interconnect model extraction and verification
Three model parameters, V crit , l acc and l zb are used to model the optical phonon scattering, acoustic phonon scattering and zone boundry phonon scattering respectively. The SPICE circuit parameters for the interconnect model are enlisted in Table 3 . The rest of the parameters are geometry dependent.
1. Coupling capacitance is either calculated by external 2D or 3D solvers such as Raphael (Raphael Interconnect Analysis Program Reference Manual, n.d.) and entered as an instance parameter, or can be calculated internally by (19).
2. If CNT length ranges between 10nm and 1µm, V crit is tuned in the range of 0.08 to 0.16 to decrease the resistance. If CNT length is greater than 1µm, acoustic phonon scattering dominates and therefore l acc changes the slope of the curve.
3. If the contacts are short and ohmic then R n and R p can be ignored.
4. At high current values the φ SB value is extracted.
The model is validated against measured data in Fig. 10(b) . 
Design Insights
The developed compact model for CNT transistors accurately predicts I-V and C-V characteristics. It is scalable to key process and design parameters such as diameter, chirality, gate dielectrics, and bias voltages. Using the model, we explore design possibilities with CNT in order to identify the optimum design space. CNT with L=100nm is compared with 22nm CMOS (PTM) for both analog and digital applications. For consistency we have used V FB = Vdd/2(NCNT) and −Vdd/2(PCNT). The dielectric material used has ǫ r = 25. Parasitic capacitances have been lumped into a single parameter based on published values (J. Deng, Sept.2006) . Since all the characteristics are mainly dependent on the diameter of the nanotube, our analysis is for varying diameters. Above 1.8nm, the SB-FET has I ON /I OFF less than 50 and is not included in this study.
Digital Design
Numerous simulations of FO4 inverter comparing CNT FETs with 22nm CMOS have been undertaken to study the effect of Schottky barrier height (Source/Drain contact material), gate dielectric thickness, leakage power, supply voltage scaling and process variations on digital design (Balijepalli et al., 2007) . It is found that for smaller diameters of the range of 1-1.5nm and optimum contact materials, up to 10X improvement in speed, power and energy consumption is observed as compared to 22nm CMOS. The speed contours have been plotted for adequate scaling in dielectric thickness to ensure the same performance. By varying the diameter, Fig. 11 shows that up to 10X increase in speed can be achieved when compared to 22nm CMOS. The reason for diameters of 1-1.5nm being optimal is depicted by the shaded region in the Fig.  11 . Larger diameters have higher leakage and are harder to switch off. Smaller diameters have a 5X decrease in speed compared to larger diameter CNTs. Thus, there is a trade-off between speed and power in using CNT FET for digital applications, similar as that of CMOS.
Analog Design
If parasitic capacitance is reduced, CNTs have another advantage in very low quantum capacitance. The device can have very high cut-off frequency given by (Akinwande et al., 2006) .
Based on the above equation, cut-off frequency for a 2nm diameter CNT transistor is calculated to be around 120 GHz in our model. An in-depth critique of the high frequency performance of carbon nanotube field effect transistors is given in (Pulfrey & Chen, 2008) which discusses the effect of nanotube chirality (diameter), oxide permittivity and other process parameters on f T . These effects can be incorporated in our model with minimal effort. The two major hurdles preventing large scale manufacturing of CNT based devices are lack of measurement technique to characterize analog performance and reducing the parasitic capacitance during fabrication. The AC gain and frequency response are mainly controlled by the transconductance (g m ) and output impedance (R out ). Here we plot the variation of output impedance of CNT FET compared to 22nm CMOS (Fig. 12) . For a fair comparison, R out is calculated for the same saturation current of both devices. For CMOS, R out vs. V DS is mainly influenced by the triode region, channel length modulation, drain induced barrier lowering (DIBL) and finally substrate current induced body effect (SCBE) with increasing V DS (Huang et al., 1992) . In CNTs, R out is affected by the linear, saturation and ambipolar characteristics of the device. As shown in Fig. 12 , due to better saturation characteristics in CNTs, a CNT FET can have up to 25X higher R out compared to 22nm CMOS for the same saturation current.
Conclusion
In this chapter, a detailed procedure for developing compact models for carbon nanotube transistors and interconnects has been presented. Since the developed model does not use any iteration-based calculations, is scalable with process and design parameters and is highly accurate, it increases the scope of predictive design research. These models have been used for circuit simulation to benchmark the performance of carbon nanotube transistors with 22nm bulk CMOS transistors providing important perspective on the design trade-offs and potential of CNT based devices. Thus, compact modeling serves as one of the most important bridges between CNT process and design giving key insights into the development of carbon nanotube based electronics.
